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Abstract

Macrophages at the base of human gut
associated lymphoid tissue (GALT),
become loaded early in life with dark
granular pigment that is rich in
aluminium, silicon, and titanium. The
molecular characteristics, intracellular
distribution, and source of this pigment
is described. Laser scanning and electron
microscopy showed that pigmented
macrophages were often closely related
to collagen fibres and plasma cells in
GALT of both small and large intestine
and contained numerous phagolyso-
somes, previously described as granules,
that are rich in electron dense submicron
sized particles. Morphological assess-
ment, x ray microanalysis, and image
electron energy loss spectroscopy showed
three distinct types of microparticle: type
I - spheres of titanium dioxide, 100-200
nm diameter, characterised as the syn-
thetic food-additive polymorph anatase;
type II - aluminosilicates, <100-400 nm
in length, generally of flaky appearance,
often with adsorbed surface iron, and
mostly characteristic of the natural clay
mineral kaolinite; and type III — mixed
environmental silicates without alu-
minium, 100-700 nm in length and of
variable morphology. Thus, this cellular
pigment that is partly derived from food
additives and partly from the environ-
ment is composed of inert inorganic
microparticles and loaded into phago-
lysosomes of macrophages within the
GALT of all human subjects. These
observations suggest that the patho-
genicity of this pigment should be
further investigated since, in susceptible
individuals, the same intracellular distri-
bution of these three types of submicron
particle causes chronic latent granulo-
matous inflammation.

(Gut 1996; 38: 390-395)
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There are several reports on the elemental
analysis of pigment that is present in the
macrophages of gut associated lymphoid tissue
(GALT), and aluminium, silicon, magnesium,
titanium, and iron have been identified.!3 In
the most detailed study, Shepherd et al 2 showed

aluminium, silicon, and titanium as granular
pigment in macrophages located in the deep
aspect of Peyer’s patches in bowel from both
normal subjects and patients with a variety of
diseases. Furthermore, in resection specimens
of bowel from patients with Crohn’s disease,
similar particles were seen around dilated lym-
phatics, in mesenteric lymph nodes, and in
some transmural inflammatory aggregates.
Shepherd er al concluded that the pigment is
derived from the diet and actively taken up by
Peyer’s patches. There is no detailed informa-
tion on the physicochemical structure of the
pigment, which has been assumed to be inert
undegradeable material of no significance.
However, these same inorganic particulate
elements can in other tissues cause inflamma-
tion and fibrosis, particularly in the lung.

GALT is responsible for the generation of
immune responses to luminal antigens, and the
macrophages play an important role by
processing and degrading ingested material and
presenting antigens from it to immunocompe-
tent lymphocytes. When ingested micro-
organisms cannot be degraded by GALT
macrophages, the resultant frustrated phagocy-
tosis may yield a pathological response, as in
ileocaecal tuberculosis. It is at least possible,
therefore, that inorganic particles in the diet,
which are taken up by GALT and resistant to
degradation, could cause disease in susceptible
individuals.

We have, therefore, used a combination of
microanalytical techniques to carry out a
physicochemical analysis to identify the precise
composition and ultrastructural localisation of
the pigment in human GALT.

Methods

Paraffin embedded histological slides prepared
from surgically resected intestinal tissue from
20 patients were examined. The diagnoses
were Crohn’s disease (n=10), ulcerative colitis
(n=5), and colonic carcinoma (n=5). Fifteen
specimens were from the distal ileum, three
were ileocaecal, and two were from the colon.
All contained lymphoid aggregates. Sections
were taken from macroscopically normal areas
of bowel and microscopically were normal or
showed only mild inflammation.

Thick sections (10 pm) were prepared and
only lightly stained with haematoxylin and
eosin to allow visualisation of pigment. Peyer’s
patches or large intestinal lymphoid aggregates
were identified in the mucosa as domes of
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Figure 1: Typical pigmented cell, viewed in transmission mode, under the laser scanning
microscope. The nucleus of the cell is evident and pigment abounds in the cytoplasm.

Figure 2: Same cell as in Figure 1, viewed in reflectance confocal mode under the laser
scanning microscope. The cell is optically sectioned, at 1 pm intervals, from top to bottom
and four such sequential sections are shown. The microparticles, unlike the tissue, reflect the
laser light and the non-reflecting area of the nucleus is evident.
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lymphoid tissue with a germinal centre lying
beneath specialised flattened epithelium. The
locations of any pigmented cells were recorded
and the sections investigated by laser scanning
microscopy (ILLSM; Carl-Zeiss Ltd, Welwyn
Garden City, UK). Five pigmented cells were
examined in sections from one patient with
Crohn’s disease, one with ulcerative colitis,
and one with colonic carcinoma, and one cell
in a section from each of the remaining 17
cases. The pigmented cells were initially
identified under LSM with transmitted light
using differential interference contrast optics,
X63 immersion objective and X40 to 160
zoom, and an argon ion laser wavelength of
488 nm. Images were obtained with reflected
light LSM and using a helium neon wave-
length of 633 nm, confocal images of each cell
were collected at 1 pm intervals. The data
were stored on computer and reconstructed in
three dimensions.

Sections for transmission electron
microscopy (TEM; Carl-Zeiss Ltd and
Hitachi Scientific Instruments, Nissei-Sangyo
Company Ltd, Reading, UK) were obtained
by reprocessing appropriate areas of tissue
from paraffin blocks of the above three cases.
Small cores of tissue containing pigmented
cells, which were removed from these blocks
using a flattened renal biopsy needle, were
embedded in standard TEM epoxy-resin
(TAAB 812) and 200-500 nm sections were
cut. Pigmented cells were viewed with TEM
at magnifications between X3000 and 10 000.
Individual particles for microanalysis were
identified within vesicles in the cytoplasm of
pigmented cells at magnifications of X20 000
and above.

Individual particles were examined by x ray
microanalysis (XRMA; Link Analytical
Instruments Microanalysis Group, High
Wycombe, UK) in conjunction with TEM.
This technique yields information on all
elements with an atomic weight greater than
that of sodium (atomic weight 22). Three
pigmented cells were selected from each of the
three patients, and 50 discrete particles were
analysed per cell ensuring no overlap or inter-
ference from adjacent particles. Passing left to
right across the pigmented cells with a duration
of 100 seconds (live time) per particle, 20
analyses were carried out on particles less than
100 nm in length and 30 on those greater than
100 nm. In some particles, where aluminium
and silicon were co-localised, the ratios of
these two elements were calculated by XRMA
using a previously described method.* Briefly,
the ratio of peak heights of aluminium to
silicon were compared to those from similar
analyses of a series of standard aluminosilicate
particles embedded in gelatin sections.

Imaging electron energy loss spectroscopy
(EELS; Carl-Zeiss Ltd) was also performed to
analyse those light elements of the particles
below the range of XRMA and also to confirm
the results for the major elements of interest
measured by XRMA. Thus aluminium,
carbon, chlorine, nitrogen, oxygen, phospho-
rus, silicon, sulphur, and titanium were all
investigated.
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Results

Pigmented cells were identified by light
microscopy in the basal areas of both ileal
Peyer’s patches and colonic lymphoid aggre-
gates, but not elsewhere in the mucosa or sub-
mucosa. The pigmented cells were readily
identifiable by LSM with both transmitted (Fig
1) and reflected light (Fig 2). By three dimen-
sional reconstruction, the particles were shown
to be sequestered in clusters of cytoplasmic
vesicles (Fig 3). This localisation was also con-
firmed by TEM (Fig 4), which showed individ-
ual electron-dense submicron particles packed
mostly within membrane bound vesicles that
had the appearances of phagolysosomes (Fig
5). These particles were largely adherent to the
inside membrane of the vesicles (Fig 5).
Occasional particles were observed outside of
vesicles but still within the cytoplasm. By
TEM, the cells were often found to be closely
associated with collagen fibres and plasma cells

(Fig 4).
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Figure 3: Image of the same cell in Figures 1 and 2, but

reconstructed in pseudo three dimensions to illustrate the

distinctly packaged areas of microparticles. Computational ~ TypES OF PARTICLES

representation allows rotation of cells givin, three : .

O f cels giving ful XRMA (Fig 6) and EELS (Fig 7) enabled
three types of particles to be characterised.

Type I

Type I particles were 100-200 nm diameter,
uniform spheres containing only titanium
and oxygen. Titanium dioxide of this shape
(Fig 5), size (Fig 5), and analytical purity
(Figs 6 and 7) indicates a synthetic poly-
morph, namely anatase, which is food addi-
tive E171.

Type 11

Type II particles were <100—400 nm in
length (Fig 5) containing aluminium, oxygen,
and silicon often with some iron (Figs 6 and
7) and sometimes a group IA or IIA element.
All those aluminosilicates without detectable
group IA or IIA element were of flaky
crystalline appearance. The first five such
particles from each cell (n=9) that were
greater than 100 nm in length were examined
by XRMA for their aluminium:silicon ratio,
which was mean (SEM) 0-98 (0-04) (n=45).
The appearances and analyses of these parti-
cles were strongly suggestive of the clay
mineral, kaolinite. The smaller particles
(<100 nm in length) could only be analysed
qualitatively, but were also of the appearance
of kaolinite. Other aluminosilicates con-
taining detectable elements of group IA
(sodium or potassium) or group IIA (mag-
nesium or calcium) were often also flaky,
although generally more amorphous than
kaolinite, and thus by appearance and analysis
were suggestive of illite, mica, smectite or
vermiculite.

i . o g a wi e T_’ype III

Figure 4: Pigmented cell, reprocessed from wax blocks, viewed by transmission electron :

microscopy (original X 8200). The cell nucleus (N) and distinct intravesicular areas of Type III particles were 100-700 nm length, of
microparticles (for example P) are apparent. The extracellular material appears to be variable morphology, and contained silicon and

mainly collagen (C) and also shown is probably a plasma cell (top right). a number of elements including magnesium,



Figure 5: High power (original X25 000) of pigment cell in Figure 4. Individual particles,
largely within the vesicular areas, are better resolved for analysis.
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potassium, sodium, and iron, but not alu-
minium. These were termed mixed silicates.
The analytical and size distribution of the
particles is shown in Fig 8. There were no dis-
tinct differences in particle profiles between
the patients according to diagnosis, or between
Peyer’s patches and large intestinal lymphoid

aggregates.

Discussion

We have shown that the pigment cells in
GALT contain specific inorganic particles, all
of submicron size, and present largely within
phagolysosomes. Shepherd et al? first showed
granular pigment in small intestine Peyer’s
patch macrophages that appeared micron sized
and contained aluminium, silicon, and tita-
nium. They did not carry out an ultrastructural
analysis or study the molecular and physical
structure of the pigment. However, we have
now shown each granule to be, in fact, an
intracellular phagolysosome, itself containing
many submicron sized particles. Shepherd ez al
speculated that the pigment was derived from
items in the diet, such as contaminants, food
additives, or toothpaste, and they also showed
that similar pigment was present in some
draining lymph nodes, around dilated submu-
cosal lymphatics, and, in one patient with
Crohn’s disease, in inflammatory aggregates.
However, they did not find pigment in GALT
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elsewhere in the gastrointestinal tract, and this
contrasts with our work where the few colonic
lymphoid aggregates studied from the large
intestine/ileo-caecal region also contained pig-
ment without obvious qualitative or quantita-
tive differences from that within the small
intestinal Peyer’s patches. Urbanski ez al!
provided preliminary information on the sub-
cellular structure of pigment cells and on the
chemical composition of particles that
remained on a filter after dissolution and filter-
ing of intestinal tissue. They did not undertake
detailed analyses of the particle types or their
intracellular location, nor did they perform any
in situ analyses, and hence also could only
speculate on the source of the pigment which
they attributed to atmospheric dust. With the
techniques we have used, the molecular and
physical structure of the pigment has been
defined enabling us to identify three different
types of particle and their sources.

The first is type I (titanium dioxide).
Titanium dioxide is found as four distinct
polymorphs, namely rutile, anatase, brookite,
and TiO2(B). The last three are formed by
weathering of Ti rich minerals and are
common minor constituents of soils. Rutile is
formed by metamorphism of the other poly-
morphs. All four polymorphs are white but are
often impure and a red-brown colour is typical.
Common impurities are Fe, Nb, Ta, V, Cr, Al,
Hf, and Zr.? Pure rutile and anatase are com-
mercially synthesised, and their uses include: a
white pigment base (mainly rutile) in paints,
plastics, rubber and paper, a catalyst and
catalyst support (anatase), and a food additive,
E171 (anatase). High purity (>99% pure) is
required for regular ingestion, and since this is
easier to achieve with anatase than rutile, it is
the former that is widely used in pharmaceuti-
cals and food additives. It is uncertain when
titanium dioxide was first introduced into the
diet, but industrial production began in 1918
and usage has increased dramatically since
1945 in developed countries.®

We have shown anatase particles in GALT
macrophages by XRMA and EELS; their con-
sistent purity and polymorphic specificity
strongly suggest that they are derived from the
widely used food additive E171 rather than
from environmental contamination. They may
not be of great significance in view of the inert
nature of titanium dioxide,’® which is not
currently associated with human disease in
any of its polymorphic forms. However, there is
evidence that titanium dioxide may possess pro-
inflammatory® and membranolytic activity,!?
while much recent work has focused on the
marked ability of titanium dioxide to catalyse
the generation of reactive oxygen species under
specific conditions.!! 12

Type II and III particle comprise alumino-
silicates and silicates. Approximately 92% of
the minerals in the earth’s crust are silicates.
The process of weathering generates soils in
which the inorganic constituents are pre-
dominantly layer silicates (clays) and quartz.
These ubiquitous dusts are therefore a
constant contaminant of foods. Natural and
synthetic silica and silicates have many uses,
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Figure 6: Typical x ray microanalysis spectra from: an aluminium and silicon containing
particle also with some iron (A), and a silicon containing particle without aluminium also
with some magnesium (B). The copper peaks are from the grid, osmium and uranium from
the fixative and stain, and potassium and chlorine from the tissue and resin. Thus these
peaks were shown to be background by analysing away from such particles (C). A typical
spectrum from a titanium containing particle is also shown (D).

including being added to food as binders,
desiccants, and anti-caking agents. Certain
types have well defined toxicities: crystalline
silica, or quartz,!314 is the best described
pathological constituent of pneumoconiotic
dusts and is a carcinogen. The asbestiform
group and erionite are all fibrous silicates that
cause chronic lung inflammation, and lung and
pleural tumours. The aluminosilicate kaolinite
(identified in our study) is a clay mineral and
exposure is associated with the pneumoconio-
sis, kaolinosis.!* The other minerals identified
in our study have not yet been associated with
disease, but their chemical behaviour has
potentially important implications in biological
systems.!> Factors that are important in
mineral toxicity include:

® Shape — fibrous minerals are not completely
phagocytosed, causing persistent extra cellular
deposition of products of activated
macrophages; !0

® Rate of particle dissolution in vivo — asbestos
and quartz, for instance, are stable, whereas
illite becomes amorphous over time;!7

® Crystalline structure — different polymorphs
have different biological behaviour, exempli-
fied by silica (Si0,), where toxicity varies with
crystallinity,!® while amorphous silica is non-
toxic;

® Particle size — with non-fibrous minerals
decreasing size is associated with greater toxic-
ity for silical® and titanium dioxide;°

® Microtopographies — these vary according to
manufacturing techniques and modify toxic-
ity;10 12

® Surface interaction with other elements and
molecules — iron on a mineral surface can act
as a Fenton catalyst generating the highly
reactive hydroxyl radical from hydrogen
peroxide;20

® Interaction with micro-organisms — infec-
tion with Mycobacterium tuberculosis is facili-
tated by silica.2!

The intestine is a selective barrier to macro-
molecules. The primary route for their trans-
port from the lumen is via specialist
membranous epithelial (M) cells,?223 which
overlie GALT. This allows the interaction of
immunocompetent cells with absorbed intact
antigen. Inert particles, such as latex beads, are
rapidly absorbed via M cells,2* the rate
depending on their size, and are subsequently
passed to GALT macrophages, which may
transport them to draining lymph nodes.?> 26
Submicron sized inorganic microparticles are
similarly absorbed, as shown for hydroxyap-
atite.?’

There is no evidence from our work that this
exogenous intestinal inorganic pigment has a
role in the aetiology of human gastrointestinal
disease, and indeed its presence in all GALT
from uninvolved intestine may argue against
this. In podoconiosis,?® however, hetero-
geneous inorganic microparticles derived from
soil accumulate in the macrophages of lym-
phatics draining the lower limbs and cause a
destructive lymphangitis resulting in non-filar-
ial elephantiasis of the lower limb. This disease
has a precise epidemiology, for it occurs only in
areas with soils derived from neo-volcanic rock
and in the barefoot agrarian population.
Microanalysis of these particles shows con-
siderable similarities in size (submicron) and
particle type (kaolinite and other silicates plus
titania polymorphs) to those in the pigment of
intestinal cells. In podoconiosis, the response
to particles is idiosyncratic, with identical
accumulations of particulates in the lymphatics
of all the exposed population, but the disease
occurs in only a small minority. It has also been
proposed that the immunomodulatory effect of
the particles is responsible for the endemic
Kaposi’s sarcoma found in these areas.2?

The concept that inorganic particulates in
the diet can produce Crohn’s disease is not
new. Dogs fed particulate silica were proposed
as an early model for the disease,3® while more
recently toothpaste, which contains high levels
of abrasive and whitening inorganic particles,
has been implicated.3! The principal aim of
this study was to characterise fully the physico-
chemical nature and source of the inorganic
pigment in human GALT and not to deter-
mine its potential for pathogenicity. However,
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Figure 7: Imaging electron energy loss spectroscopy selects electrons of an elementally specific
energy; therefore areas of high elemental concentration relative to the surroundings can be
detected and are indicated with a brighter image. This figure (original X 100 000) shows
the oxygen rich content of some intra-vesicular microparticles (white) compared to the
surrounding tissue background (grev/black). No other anionic elements were detected in

any microparticles.
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Figure 8: Distribution and shape of intravesicular
microparticles greater than 100 nm in length. Ranges
represent largest and smallest particles measured for each
type. All particles less than 100 nm were aluminosilicates,
but are not shown in the above analyses.

the assumption that these particulates are inert
may not be correct and we are carrying out
further work on the pharmacokinetics and
dynamics of these dietary inorganic particles in
health and disease.
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